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ABSTRACT 


Bourque and Newman presented an extensive paper analyzing the sepa- 
Tave eitects of aeflection angle and offset distance on the reattachment 
of flow issuing from a two-dimensional incompressible turbulent jet to 
an adjacent inclined flat plate. Levin and Manion combined the effects 
of offset distance and vertical wall incidence and derived a set of para- 
metric equations to solve for the attachment distance at a given offset 
distance and deflection angle. Subsequently, Perry extended the control 
volume model to account for inaccuracies in defining a base pressure. 

As part of a general investigation of the Coanda effect, the work of 
Levin and Manion has been expanded herein to encompass concave and 
convex surfaces of arbitrary planform. ‘Two methods are outlined for 
cetermining the attachment distance for these additional planforms. On 
the concave wall, agreement averaged within 20% of the experimental data 
for the range of spread parameters used, and agreement between the two 
methods as outlined for this surface averaged within 12%. The two 
methods agree within 10% on the convex wall, and agree within 15% and 
12% respectively with the convex wall experimental data, in the range of 
values of spread parameter used. The planar wall data agree within an 
average of 12% of theoretical solutions. 

The hysteresis of flow attachment is viewed with particular attention 
focused on the iegeereadiate region in which the flow divides and one 
portion attaches to the wall, while the remaining portion acts as if 


issuing from a free jet. 
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ae PRODUCTION 


fae os2 with the establishment of a French patent Henri 
Coanda became the first to explore the effect of streamline 
curvature on the deflection of free jets over curved sur- 
faces. Coanda's attention focused primarily on the appli- 
Peotone Cine Cljecusratiier than its detailed understanding. 
Lighthill, Metral and Zenner, and Yen proposed potential 
Pecori ea ter two-dimensional incompressible jets flowing 
PeerioVvarl1Ous Shaves wath the surrounding fluid at rest 
fl]. Newman [1] extended these theories to predict the 
attachment point of the jet flow and its final separation 
iMmeemeune Ssurtace, Tor a cylinder and a planar wall. MThe 
only perturbation was variation of the vertical wall de- 
flection angle. Borque then teamed with Newman [2] to 
wmenorwtese studies TO anclude ofriset of the vertical wall 
from the jet. Levin and Manion [3] furthered the work of 
Borque and Newman to develop a more general set of expres- 
Slemsator avcvachment distance as, 2emuinevto Of both vertical 
wall offset and deflection angle. This study seeks to 
verify the efforts of Levin and Manion and extend it to 
smoothly curved, eee. and convex surfaces of arbitrary 


beam orn. 


A. PLANAR WALL 
For the planar wall case, Levin and Manion developed a 


set of expressions from which the attachment distance, for 


il 





omer en Vertical wall ofiset and angular deflection, could 


be obvtveined. his set of expressions was based on the 


Peoelowine assumptions. 


a 


IS) 


iicm crm Vou emetiicompressible and two~dimensional. 
Jee MOC tS UnitOrm atv the nozzle exit. 

ile tevomoc hy y tos 1ncependent of the reduced 
pPresoume san tne Separation bubble. 

ce poesia euic Separation bubble is uniform. 
Jet momentum flux is conserved, i.e. drag losses 
due to channel constraining plates are neglected. 
The centerline of the jet is a circular arc of 

AIG LUIS ste 

The nozzle width is small compared with R and the 
actacmmenc wall length is Long - compared with the 
jet width. 

item ieune ki bLeS bUrDULeny tTlow after emerging from 
ie wiOZte rl. cen une mevymoucds number 1S high. 
ei MemijclmourWerUre due Co centrifugal 
femee Cl seurvature areenerlirible. 

Cplcmom Oe tine constant, which accounts for 
variation of entrainment due to jet curvature. 


[Figure (1) illustrates this model. ] 


Assumptions (g) and (h) stem from previous work by 


Newman [1] and Newman and Borque [2]. In performing a 


SeTemowengmeonawysis Of the two types of flow, Inclined 


Treo tmevombewithour OLflseL and offset vertical wall 


without deflection, Newman determined that for the former 


ia 





G@ase the nondimensional surface pressure at any distance 


x from the sharp corner was 


Le el an 
cf = 
Pe O Po, 
end that 
“Dp. = fCa,X/W,L/W N,Q) 
and 
UA = f(a, L/W Np) 


Piereeyots vine jel width, ao is the vertical wall deflection 
euete wt as the vertical wall length, and Nae See e lele. 
Reynold's number. 


imei ,orm wine lavver problem 


Cp = £{D/W,L/W,X/W,N,.} 


J 


=|P< 


= £{D/W,L/W,N,, 


where D is the vertical wall offset distance. 


If assumptions (g) and (h) are applied, these functional 


dependencies reduce to 


CS 





© 
HH 


fla,xX/w} 


X/W fla} 


ioombie inclined wall without offset, and 


C 


f{D/W,X/W} 
Ps 


X/W 


f{D/w} 


hor the offset wall without deflection. 
limeceve eome x oresstonscsinvolying the solution ofa 
vertical wall with both offset and deflection angle Levin 


and Manion defined a dimensionless parameter t such that 


= Cmey, 
t = tanh ce i 5. (1) 


where o is the dimensionless spread parameter for a free 
turbulent jet streamline that passes through the attachment 
Poruwecouuie JEL centerline, measured on a line normal to 

Une Centeriane, s is the distance downstream along the jet 
ceiver iune. Lom the ORAS Sle ain So ive alls Lamoe 

from the hypothetical (apparent) origin of the jet to the 
nommlenme ilu .esrom uhis definition they derived an expression 
Po@ieiemabeaeitie Streamline length to the jet width, w, 


(Appendix A). 
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i 


oW x I (2) 


Gu 


P2emwa tOrCeeanalysis aveut the attachment point, an 
eeeresslon for the angle at which the attaching streamline 


intercepts the wall is obtained (Appendix A): 


ys) 
cos 0 = 2 t = (attachment point (3) 
) model) 
ac t (control vol (4) 
cos = i =~ (control volume 


model ) 


Further analysis of the peometry of flow attachment 


(Appendix A) leads to the desired expressions for D/W, X/W: 





ff Oe ee eeces 0... 1 
DW = t3cg ea) (oe - DC - cosa) - 2! (5) 
X/W = { 0 (t - 1)(sin +sineg ) a tanh7” 
3(0ta) >, 2 . a een G 


(6) 
- (= + 5) sin a} 


Peo mmmarecerounca Lor a range of 6 between zero and 
ninety degrees. When no deflection of the wall occurs 
(a = 0) or no offset is used (D/W = 0), the equations reduce 


to those of Borque [2]. 


B. THE CONVEX WALL 
Newman [1] performed a dimensional analysis for a 


Gimecularsecylinder, similar to that for the planar wall. 


1: 





Prom at ne deduced that the non-dimensional surface pressure 


@®oetficient is piven by 


- W 
Oy = 18 Seagal heey 


Himg@emwes a as the radius of the circular cylinder and is the 
angle “between the jet exit and the point of interest on the 
cylinder's SWomccenaumevervex at the center of the cylin- 
der. At some distance from the jet exit the flow no longer 
G@epends on the supply pressure and jet width separately, 
hueewon FCheir product. 


Therefore 





a ee 
C as Fie,Np.t 
mimamollvaple zero 15 chosen for 8; then for large enough 


N Re 


C, atx) = He} 





Applying the similar arguments to the separation angle 


Osep 7 PiNpe} 
Mavic wats uO a CONVEX vertical wall with a changing 
radius of curvature and deflection angle, a, but without 


Vertical wall offset, 
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c aD . rf} 


where a(x) can be an average radius of curvature over finite 
oe Wes Lo une Cace Of an arbitrary planform or a function 
Piece perotcular plantorm. Performing a dimensional analysis 


on the tlow 


A. W I, 
wo flasscey ip NRe} 
omens Giotance trom the jeG exit the flow no longer 


depends on the attachment distance and jet width separately 


(iwon  Laeir product. 


28) 





coe iby 
wt« «fio, a7 Np} 


=) P< 


if L is sufficiently large and Np, sufficiently high, then 


Eom vne planar wall case, 


a(x) 
W 





fs = f{o} 


In the case of an offset vertical Walle without deflection 


a | W 
pees EW oy Nee} 


eacmwopplyane Similar arguments as in the previous case, 


Sef 





- ett r{p/v) 

Pret OUlmnveoutpacions reveal that for a convex surface, 
skin friction is reduced and the displacement thickness is 
increased as compared with first order solutions [6]. This 
amples thal @ surface with convex curvature encourages 
separation. UMomiOulemaltso SUGGEST that a convex surface 
mesbed vnder the same conditions of offset and deflection 
memes as a Diener SUrlace would cause flow separation at 
MioemncerleCyo1on amelie. Additionally, for a given deflec- 
mecmate PomonG O1tsel, the convex Wall will exhibit a longer 
reattachment distance, due to curvature. The magnitude 
of this additional distance may be approximated by the 
following method with the following assumptions, which are * 
imac ytom GO wnOose Specified in the planar wall section: 

ee oem d hismor “eutvalure ol the wall is large 
compared with Pie hous BOmNenryavure of the 
Geaueochtntaeienre am Line . 

Pocus Ol mcCUrVvabume Of the convex wall is 
GCOMseant over the range of possible reattachment 
Glsvences. 

POrepiemeecoralnatvtessystem Given in the illustration 


tetova ncoguUdae ron Of the planar wall is represented by 


Y = constant C7) 


ins 








Pie emre {Orme oneCOnSvany radius of curvature the 


equation of the convex wall is 


ai — (8) 


ema eereiiave sae pices or the divergence of the convex 
wall is found by solving the equations of Levin and Manion 
HOP eet Waleeay ag fiver olfset and angular deflection. 
The value of X/W obtained is then used to solve Equation (9) 
in nondimensional form. This value when subtracted from 
Equation (7) gives the desired divergence. From this point 


PVOMmMeE Mo@s are avallable to obtain the new reattachment 


ig 





distance; 


a 


feo men otetreaLypacnmensl on the convex wall is the 
Same as that experienced by a planar wall Abe a 
increased deflection angle and attachment angle. 
This new deflection angle is equal to the sum of 
(etiam cullaee@Gcalecrion angle, and the apparent 
additional deflection angle due to the wall curva- 
EUS. Wowace tceronal angle is Found using the 


relationship 
s=r cre 


where s is equal to the magnitude of the wall diver- 
gence and r is the value of X/W for the planar wall 

at the actual deflection angle. The new attachment 
angle is found by using the new value of deflection 
angle and resolving the equations of Levin and Manion 
with an iterative scheme at the constant value of 
offset distance. Once the attachment angle is found, 
the attachment distance equation may be solved. 

Mee pan cae C ltustration of the reattachment point 
shows the geometric relationships between the two 
Watlsowmemine arc lenevth GAP 1s approximately a straight 
line as is arc GBF, being small compared to the radius 
of curvature of the convex wall. Using the relation- 
ships of the geometry of attachment, the angle with 


vertex at C is 90 - 8. The angle formed by GBC is 


20 





6. Therefore 


CG 


ob cia Gln 


from similar triangle relationships 





site 6 = ce) 
GA 
\ 
and 
_ GB eG 
co sin 6 sin 6 tan 6 
GF ~ GA = ue 


sin 6 tan 6 


Cleiesobvained as in the first method. The sum of X/W 
at the actual deflection angle and GF yields the new X/W 


value. 


C. CONCAVE WALL 

maeweceomecavye wall permits a similar approach as for the 
convex PERE except Pacemer this oype of surface the skin 
PeleyrCleto —ereased.and the displacement thickness is 
decreased as compared with first order solutions. This 
implies that the concave wall would tend to delay separation 
ascempared With a planar wall tested at similar offset 
Gietanees and deflection angies. Applying similar arguments 


as tor the convex wall and from the illustration below the 


aL 





concave wall will behave as a planar wall eat a lesser angle 


of incidence. The same assumptions and methods for the 


convex wall are applicable to the concave surface. 


ae 


The value of X/W divergence, and angular difference 
are obtained as in the previous sections. The new 
deflection angle is the difference between the actual 


Gewese mrontmanere, 2, and the additional apparent de- 


[Pecmnonimancttca iis mew value of ao is then used to 


resolve the equations of Levin and Manion for X¥/W 


as was done for the convex wall. 
GF for the concave wall is found as was done for. 


the convex wall. The new value of X/W is equal to 


the difference between X/W at the angle a and GF. 





ae 





it. TEST EQUIPMENT AND PROCEDURE 


The apparatus shown in Figures (4), (5), (6) was designed 
tO produce a two-dimensional, subsonic free air jet of ve-~ 
Promo epeco Lol feet per second, flowing over a vertical 
wall. The vertical wall attached to the jet exit was a 
rectangular section of 0.10 inch thick plexiglass, 69 inches 
mo beneLh. and redniorced with vertical ribs at 15~—inch 
intervals. The wall was flexible axially in order to form 
pepe atar. COlcave, Or convex surface. 

The vertical wall was attached to the jet exit with a 
hinge, mounted flush with the jet exit. A 4.75 inch wide 
fot —anen Meh plate extended normal and to the side of the 
yet exit to provide attachment of the vertical wall at offset 
feeoeaieces Up to 2.5 inches from the edge of the jet exit, 

Pim oeenea ancrements. To contain the flow laterally as 

my left the jet when deflecting the various walls, two 3.125 
Dmemmvrce by 5./5 iamch long stainless steel plates were 
memeeniea LO yhe 37E€F €xit, extending into the channels. The 
plates were strong enough that no observed fluttering 
@eeurrea vO Gisrurd the Ilow downstream, and thin enough 
that the flow from the jet was not degraded. 

The lateral wall channels for the planar set up were 
fee romeo scl plexiglass. They were attached by 
lengthwise supports from behind the vertical wall to impose 


Pee eine cOMVex and concave channel walls were made 
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teem 0. 35 inch plywood meh a planform depicted in Figure (7). 
ifememennels Walls were supported by segmented blocks, 
PormalroecmCOno swspecl1i1c région of the vertical wall. The 
Maemor ume vertical wall was attached to a castered stand 
which facilitated angular deflections of the wall. 

Bcavic pressure parts were located along the vertical 
Well as indicated in Figures 8(a) and 8(b). The pressure 
taps were 1 mm diameter metal tubing, inserted into 3/8 inch 
fieameter preces Of plexiglass and glued into position. 
iiemoOles i the wall were drilled through the tubing and 
plexiglass mounts after a 24 hour drying period. Making 
the holes in this manner allowed for pressure measurement 
TeewowGea Large protuberance into the flow. 

ieommeecormadstice Wall static pressure, the static pressure 
ports were connected with 1/16-inch Tygon pressure tubing 
CO a forty-eight tube, inclined water manometer bank. 
Pressure readings within 0.01 inches were possible from 
the manometer bank. 

tine Jeb exit eRe was a square 2.62 inches on a side. 
This was later adapted to a half-jet width by the insertion 
of a piece of tapered pine wood as shown in Figure (9). 

The jet was powered by a Wagner Electric, 3 phase, 60 cycle 
motor attached to an impellar-type blower with a 5000 cubic 
aio riinitvcomeapeci tye tet low constriction device, see 
Figures 10(a) and 10(b) was constructed and attached to the 
side of the blower unit to permit variation of mass flow 


rate (Reynold's Number). No reduction of the flow was 


ay 





ire ved Bevween the Unmodified blower and the modified 
Peeowetewithn Che constriction device fully opened. 

A flow shaper was attached to the blower exit. The 
shaper was connected to a chamber assembly in which two 
fine-mesh wire screens were placed on either side of a 6.0 
mei by 6.0 inch piece of 1/8 inch honey—combed aluminum. 
Meese tTunctioned as flow straighteners. The jet was reduced 
Pavone x le NCimeisioms through a tapered design, affixed to 
the chamber section, see Figure (5). The chamber/jet 
Bssemoly Was mounted on castered steel supports. This 
allowed freedom to break open a portion of the chamber/jet 
and make any desired modifications without disassembling 
the entire apparatus. 

Pi nCchipityercelOns Of Separation and reattachment, two- 
dimensional tufts were made of paper 3/16 inches wide by 
6/16 inches long. These were folded back and forth at the 
half-length to form a flexible hinge. They were placed 1/2 
Merenabove ancebelow the centerline of the channel, i.e. the 
Se eomaca Pent eriine fee Cl ne une wwoinc OF reattachment 
was identified Gemene poimy On both sides of which the 
Mivomielaoped im Opposite directions. 

To measure angular displacement, a ninety degree section 
of 3/16 inch, hard pressed fiberboard, eight inches wide with 
an outside radius of curvature of 42 inches was utilized. 
Marks were inscribed at one degree intervals with five 
Ceopeemeroupines., A pointer made of 0.25 inch dowling was 


attached to the wall and the tip colored, affording accurate 


eS 





angular readings within 0.3 to 0.5 degrees. Movement of 
tie moeetoewasepieciuded by Caping it to the floor with mylar 
ape. 

Flow rate and Reynold's number were indicated by a 
pitot tube connected to a water-filled, u-tube manometer. 
The pitot probe was mounted as shown in Figure (11). Readings 
were accomplished by sliding the probe across the flow from 
i@emouaelLonery bripod stand. Lateral position of the probe 
in the channel was determined using a ruler mounted so as 
memmove Siinkbancousiy with the probe. Probe position 
Pomoc ckbaolashed within 0.03 to 0.05 inches. 

Prior to commencing a run or sequence of runs the equip- 

Peeves eoOslLIOoned, the manometer bank checked for level 
Reames sa Stavlc Zero reading taken and tubing was checked 
PMmmeiverricy.  FOSition of the angular deflection board 
was checked and a Reynold's Number check was performed. 
Free jet flow rates were taken. From the Reynold's number 
Seeanvexen, three were selected and utilized throughout the 
experimental shase. POrerdce ald —jousouudy only vhe lowest 
Reynold's number was used. 

After Pecondine the free jet flow rate readings at each 
Reynold's number, the wall was returned to zero degrees 
deflection and the flow rate taken 49.3 inches downstream 
for each wall. The point selected was well downstream of 
Pie weCearvecmneno pOIntS and such that the static pressure 
was very near ambient pressure. This provided a basis for 


weueveoterlowoerave reduction in the angular deflection for 
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a piven Offset, as well as flow rate reduction with offset 
Honma vem deftlecvion angle. At zero offset the gap between 
the wall and the jet edge affected the static pressure and 
reeermenenpotnc. for this setting, masking tape was placed 
Over the aperture at the initial separation angle. The tape 
[ae OCT necasto preclude flow adisturbance, and checked for 
mmeounness ab each angle change. Tape was not deemed 
necessary at offsets due to the assumption of uniform pres-~ 
sure within the recirculation region. The particular de- 
ime onecieles Used were not chosen but obtained deflecting 
the vertical wall until a noticeable change (2-4 inches) 
mov acinely POlne occurred. The pitot probe, with the 
Season liiicwdasecOnnected, was repositioned to the same 
relative position in the flow as it had been at zero deflec- 
Mmomebo measure the maximum flow rate. Static pressure 
readings were recorded when the shape of the surface pressure 
profile changed. Reattachment point and flow measurements 
were recorded and the process repeated until the flow would 
fully separate Aner (in a weeny Ucar me a hysteresis 
study was performed to determine the minimum angle at which 
the flow would reattach and the maximum angle for which the 
flow would remain attached. Two runs were made for each 
offset if the reattachment point and flow rate data at 

the same deflection angles agreed within 0.25 inches. If 
they did not, an additional run was made. The deflection 


angle board was repositioned for each offset. 
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VeemmcOnplet Lon OL runs for the full jet a half-jet 
Saucy ©1 attachment Gistance and flow rate reduction was 
conducted at the lowest Reynold's number, following the 


Siieeproceaure for each wall type. 
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Pee ieotent oul AND DISCUSSION 


A. PLANAR WALL 

The equations of Levin and Manion were solved on the 
mele s00, Using a FORTRAN program (Appendix B). The values 
Mamet rachment distance against offset distance at constant 
(ieretdence angles were plotted using a program similar to 
thet appearing in Appendix C. Figures 12, 13, 14 depict 
M@gemresulus. The spread parameter, o, increases with offset 
distance and deflection angle for the range of offset (D/W) 
values 0.0 to 0.94, using the attachment point model (Equa-~ 
mcr ii. Appendix A) for values of o from 7.7 to 15. The 
results are within 12% of the theoretical values, for the 
range of spread parameter used. 

Veriavion of X/W with offset distance for constant angles 
of incidence is presented in Figure 18. For a given value 
of D/W, X/W increases with incidence angle (see Figure 20), 
Mem—eOomeudemiincreace in size of the recirculation bubble. 

At a limiting angle, the flow splits and the bubble size 
decreases, decreasing X/W. As D/W is increased, the plot 

of X/W against a becomes more linear (Figure 20). This mey 
bEemexplainedsin part by the increase in ability of the re- 
SMmcuwlevionezene to become fully established sooner with 
increased D/W. At zero D/W a much higher incidence angle is 
necessary to cause flow separation and reattachment because 


the recirculation zone is not established sufficiently. As 
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itt ia wOoliseu the Zone becomes established and becomes 
Mmoremicarlty Uniform in pressure within the bubble. 

Figure 24 shows the decrease in flow rate (m/th ) with 
Seeseyo Gue CTO wncidence angle. Each offset exhibits a 
arta curve whieh pivots downward from right to left. As 
miemecerrewlatvion Dubble increases, the rate of flow re- 
miei CO cvae Wall decreases, being slowed by the quiescent 
local medium. The reduction of flow rate with D/W at constant 
peor sWOwn in Figure 22. These values fluctuate about a 
Meade valwe for GCach angle. except at the higher angles and 
memseo COolbanavions, Such as D greater than 2.0 inches and 
a Breater than 30 degrees where flow split has occurred. 

Micerotrealevalues were also obtained and plotted for 
wie jeu. tne Gata were treated in the same manner to 
Gxhibit Similarities and differences, and are shown in 
Figures 15, 16, 17. Increased values of o (15 and greater) 
were found to dominate. 

lot teauronsmouch as examined for the full jet case were 
imepeaved and are shown Piet wrecmEemedne 25 and 25, These 
variations GisotaveresiwiiLs Very similar to those of the full 
EGY othe Sweesiiee more stability. This may be due in part 
to the apparent increase in wall length, since L/W, as shown 
PimeieomalMnemovonlad analysis, can affect the reattachment 


point for small enough L/W. 
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B. CONVEX WALL 

Theoretical calculations for the convex wall were made 
using the IBM 360. The FORTRAN program utilized appears in 
mependix 6B. The values of the planar wall solution were 
Compuved as before. Then, for the convex wall shape, Method 
one was first used to compute X/W by solving for the diver- 
sence and the new value of ao, and then iterating on t, the 
dimensionless parameter, to find the new value of X/W at 
the same value of D/W as for the planar wall. X/W from 
Method two was computed and both methods plotted for various 
values of o with the experimental data, (Figures 26, 27, and 
Oo) As mimecilccmroan angle and =olfset distance were 
increased the value of o increased as with the planar wall. 
The two methods agree within 12% of one another and within 
15% of the experimental data, for previously specified 
Values of o. 

Plots similar to those for the planar wall were made 
Pmmuncnconvex Wall, Figures 32 to 39. This planform con- 
tinues to exhibit a hyperbolic plot of X/W against a for the 
range of D/W used, as opposed to the tendency toward linearity 
Suetdewplanae Wall with increasing offset. This is due pri- 
marily to the curvature of the wall away from the flow, 
rmeenenorces une si low itself bo curve. This increased 
Smevowurcsimereascs the value of 0, the attachment angle, 
promoting a lower magnitude of a at separation than for a 


planar wall at the same offset. 


oul 
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Data for the half-jet agree within 3% of full-jet 
Meoulvus. Figures 29, 30, and 31 are theoretical and 
experimental data for the half-jet. Agreement within 12% 


moemeevidaenced for the values of o in the range 7.7 to 15. 


C. CONCAVE WALL 

The methods used for the convex wall were also applied 
to the concave wall. Though the two methods used show good 
agreement between themselves, within 12%, they achieve only 
fair results, within 20%, at the previously established 
values of 6, Figures 40 to 45. This may be due to enhance- 
fememor woe flow through an anti-curvature effect. Instead 
Smeriereactic and aiding the curvature of the flow as for 
mmiemeconvex wall, Or having little effect on the flow curva- 
Sieemwacesi1Or a long, planar wall, the concave wall tends to 
Serarehten the flow, as it approaches the wall surface, 
ffeimeDpy decreasing G and yielding higher values of a for 
which the flow will separate than does a planar wall at 
the same D/W and a. 

Figures 46 to 53 are similar plots as for the planar 
eaomeconvex walls, tor both full—- and half-jet configurations. 
MOmebOuN Of tinese Cases the plots of flow rate vs. deflection 
angle (Figures 52 and 53) reveal a compactness not seen in 
the previous two cases of planar and convex walls. Over 
the range of offset distances, the spread in flow rate is 
reduced. The separation bubble is allowed to form in this 


case, and due to the wall curvature toward the jet, the 
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gee wie atoead ih TOrming, but this anti-flow curvature 
also tends to preserve the flow rate as neither of the 


Mhevlous walls did. 


D. PLANAR, CONCAVE, AND CONVEX COMPARISONS 

Figures 54 through 81 display various comparison plots 
of the behavior of planar, concave and convex walls for 
fuli- and half-jet configurations. They are divided into 
several subsections as presented below: 

(a) Figures 54 through 61 depict attachment distance 
against offset distance for full- and half—-jet 
SSoMgcmmatercetnauanty me FOr both cases, at a of 0 
degrees, the walls are very close in behavior but 
portray independent behavior at higher angles 
which is preserved as the angle is changed. 

(b>) Figures 62 through 73 show the change in reattachment 
distance with deflection angle for the same value 

~ of offset (D/W). The order of presentation is the 
i oeeineneiali—jeb plot, in alternating order. 
Though the value of D/W is different, except at 0.0, 
mow~meach jeu Widvtunh, the value of Dis the same. 
Thus as in Figures 63 and 69 the offset distance 
D of 0.5 inches corresponds to a value of D/W of 
0.18 for the full jet, and 0.36 for the half-jet 
and so on. The peaking-out of these plots is due 


to fiow split. 
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(c) 


Figures 74 through 81 are plots of flow rate (h/t) 
@@ainsy Cliset distance for constant deflection 
angles. Again both full- and half-jet data are 
grouped to show similar and ieee bendencies. 
In previous presentations of flow rate (m/m,) , Mm, 
represented the flow rate at zero degrees deflection, 
measured at a piven distance downstream as specified 
iijonewdiscussion of experimental procedure. In 


Pi omecase m_ Poe euemuic akow aSSiane from the 


imecmieueacea meyniold's Number of 2.05 x 10°.” 


BE. SURFACE PRESSURE COEFFICIENT 


Figures 82 through 88 present surface pressure coefficient 


data as follows: 


(a) 


(dD) 


Figures 82, 83, and 84 give surface pressure coeffi- 
Clchumaetaulon aPainsy Wall pesiation downstream, 
x/W, for planar, convex, and concave walls re- 
wecmyc  eabeCOlosuallo Values of deflection angle 
and varied values of offset distance. Similarities 
are discernible, such as the high-peaked curve 

prior to separation at low values of a and no offset 
(D/W = 0), and the long flat region of the recircu- 
lavnon Dupo le after Separation. The step in these 
Migusemniear une Jey Exlt indicates the slight effect 
of the crevice where the wall/jet interface occurs. 
Figures 85, 86, and 87 are similar to those in (a) 


euovemexcept that D/W is held constant and a is 
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varied. The plots are again similar for the differ- 
ent wall shapes and similar to the plots in (a). 
(c) Figure 88 presents a comparison of the planar, 
concave, and convex planforms. The tendency at 
Peenemwome lessee; detlection is to exhibit this 
Pliltlaiepavueim Of Curves, especially after the 


flow <cdaivides. 


F, DIVISION OF FLOW AND HYSTERESIS 

Figures 85, 86, and 87 demonstrate the reduction of 
pressure within the separation bubble as the size of the 
bubble increases. For a given offset distance (D/W) a value 
Or E el wmeoremiielcd@tlow Givisiom and hysteresis occur. 
Newman [1] presents a plot of wall length to slot width 
against a and describes three regions; one in which the jet 
Mmiow lS aguuacned, one in which the jet flow is both attached 
emomoeDoraved, amd a region of total separation. This is 
experimentally veritied and does depend on the way the flow 
is initiated. If the flow is initially detached the attaching 
Merutoneor the tlow will reattach at a lower value of a than 
that at which the flow will separate if originally attached. 
The amount of decreased ranged from 1.5 degrees at Reynold's 
Number of 1.475 x 10° to 0.5 degrees at Reynolds Number 
2.05 x 10°. 

The limiting value of a and X/W are displayed in the 
peaking of the plots of X/W against a as previously mentioned. 


Bourque and Newman [2] find this limiting point at which 
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Mower esOl OCCUrS LO EXiSt at about 0./L. For the model 
in this investigation this value ranged from 0.36L to O.47L 
for the different planforms and a full jet width of 2.62 
inches. For the half-jet the width of the range increased, 
Seevould De expected from 0.1/L to 0.39 L, while the actual 
fie uoes decreased. This is due to the increase in 
apparent wall length. The ranges given are valid over the 
values of D/W and a investigated for each wall type. The 
ifememeuLonm a9 the dimiting value for flow division is due to 
increased values of Reynold's Number (approximately two 
orders of magnitude) and the resulting increase in turbu- 
dence. Additionally, the lower value of the ranges results 
Peemerme) Convex wall and the higher value stems from the 
concave wall. 

The decrease in positive surface pressure coefficient 
Mievae recirculation bubble beyond the critical value of 
X7L produces a reduction in X/W. This reduction shows the 


predominance of pressure reduction over downstream flow rate. 


G. CONTROL VOLUME MODEL 

AIT previous theoretical data discussed have been computed 
using the attachment model. Substitution of Equation (14) 
vice Equation (11) from Appendix A into the equations of 
fe eneaniawanaon yield solutions for the control volume 
model. Despite the espousal of the control volume model by 
Levin and Manion, no advantage was gained through using this 


model for the planar wall and concave wall cases. The 
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convex wall solutions were greatly degraded. A probable 
Cause Tor this is the low range of offset distances used in 
Pmeeomivesvieavion. the effect of the recirculation bubble 
Peete OUL, as Cvidenced by the experimental results, its 
Meeetcemaceomall! Ol1fset Gistance 1s reduced such that for 
Moiese eatare and Concave walls either model will suffice, and 
feeevine convex Wall the attachment model is valid. Because 
Secents Che control volume model results are not displayed 


and it's use is mentioned to provide completeness. 


feet VELOCITY PROFILES 

Velocity profiles were taken for the half-jet configura- 
Pious Fhe pitot probe in Figure 11. Plots of the re~ 
sults are presented in Figures 89 to 94. These plots were 
made using the FORTRAN program in Appendix E. As the 
aeapamce dGownstream of the jet exit is increased, the 
mewecity profile transforms from nearly rectangular (Figure 


89) to the shape described by the equation 
_ 2 
u/v = sech” n, 


where n = Y/EX, as presented by Sawyer [7], Figures 93, 94. 
E is the entrainment factor defined by the non-dimensionalized 


equation 


bial 
J uy dY = : 


and X is s t+ s_as defined in Appendix A. 


Buf 


IV. CONCLUSIONS 


ihe experimental results support the methods proposed 
Boreune tCreacvment of the concave and convex wall shapes. The 
Pemce sree Of agreement between the two methods for these 
mearOrma sup peseS adoption of the second method as a first 
mipeeximabion. —the obvious factor affecting the theoretical 
memes eis the value of o used. Again, experimental results 
Seorrm the assumption thato is a floating constant. Though 
Levin and Manion espouse the control volume model because 
immecounua lor the eficcy of bubble pressure, the attachment 
pommemmodel has been found to agree well with published 
Values of O and no advantage was gained in uSing the control 
Pemune model tor the range of offset distances used. The 
Mediricavien to hali-jet width yields close agreement with 
the unmodified or full-jet results as was expected. 

iiemueclOnmel leem atvtLachned and detached flow invites 
miGrePeinvesuigation. Each wall, within this region of 
Mowe xt bibedsune Same Suriace pressure profile. The 
eevecianee an the proiile was its reduction in size. No 
variation in general shape occurs, implying an apparent 
io orm reducc1on in the bubble pressure and downstream 


flow rate. 
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V. RECOMMENDATIONS FOR FURTHER STUDY 


Whe actual effect of the recirculation bubble during 
initiation, growth, and apparent shrinkage in the region of 
paveded Llow invites further investigation using a hot wire. 
Pieemeocucm a Study contour plots of the bubble pressure could 
be used to examine the accuracy of assuming a uniform pres- 
Simee in this region, and to discern when this assumption is 
woerG and when it iS not valid. For those areas where it 
is not valid an estimate of its effect on the flow charac- 
werastics might be obtained. 

WeGermanacion Of the reattachment point could also be 
assisted by using a pitot probe inclined in the direction 
Sueelew and wsed to determine the null position of total 
dynamic pressure along the surface of the vertical wall. 
Peepeck against the visual attachment distance provided 
by the tufts would thus be achieved. 

Modifications to the theory of Bourque [4], Bourque 
and Newman [2] and Levin and Manion [3] were made by Perry 
[4] and [5]. These references were discovered late in 


the investigation and are worthy of future investigation. 
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APPENDIX A 


DERIVATION OF LEVIN AND MANION EQUATIONS 


tiie jer Stream velocity, u, as a function of the dis- 
meee ns che jet Nas traveled, the distance y from the jet 
Pemeeriine, and the jet centerline velocity uy are given 


by Goertler 


ee ea Oa 
ue U, sech es ” 5. ‘ED 


3 Jo &, 4 
Yo ~ Ly o(s a es yr 
O 


where J is the jet momentum AER 

iiewaeeachwing sureamline defines a@ tine of constant 
volume flow. It lies at a distance W/2 from the jet center- 
mememoanmune WOZ4ZLeC CxXiLT, and a distance y from the centerline 
@umeroastvance Ss Gownstream of the nozzie. The fluid is 
two dimensional and incompressible by assumption; therefore 


one-half of the jet volume flow is 
y 
O72 =) a dy. 
To solve for s., one half of the volume flow Q,/2 at 


the nozzle exit is set equal to one half the volume flow 


Syemeuwece > O. Using Goertier's expression, i.e. 


HO 





4 
T 
Oey e = O72 or u W = uaa, G2) 

e e 2 ' 
where w is the nozzle width and Ue foeume velocity at the 
Memerenexly. oUDStitucing (1) into (2), integrating, noting 
mae vanhn (0) = 0, and simplifying 


J(s +s _)g. } 
= tg — 8) Shane 


wx 


W y 
5 —_—_— ) (3) 


BE 
SF Ss 
O 


c 


the expression for half the volume flow at the nozzle exit. 


Meme ue momentum Plux at the nozzle exit is 


0) 1) : W 


J = a and the normalized volume flow for half the 
‘s 


stream becomes 


O Cie! = 
ee i ae 
O 
wees then defined as 
= OY 
enn) (4) 
O 
a) 2 Oo y 7 Woo 
t”~ = tanh ‘TFs. 3(s + 5,) (Cy) 


Mite temwne CQouation of the streamline. 
Integrating (2), after substitution, between 0 and 


infinity at the nozzle exit where s = O and 
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and 


2 ; 
a 56 Eo 2 W 
mmmninaoi a «Ce. > 
Ca (6) 
ne | Ce), 


Wo obtain an expression for the attachment angle @ in 


werms Of © the following procedure is utilized: 





from the above illustration 


= 4) wes E ; CS) 


@iemecmcame De Written as integrals of the form 
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So we dy 


Using the Goertler Equation (1), integrating and substituting 


mremvalue of t from (4) 


since tanh (0) = 0, and tanh (~) = 1, 


Jn = (3 - 1) - Ft - 69) 
(9) 


ee = 
For Jy 
Y 9 Oo 2 
J = i pie dy = pm dyet J p ul ay 
=o BER, o 0’ @) 
Duc 
J = if sui ay 
Therefore 
0 
= = 10) a dy 


Be 





and 


y 
ee i yore dy 
Proceeding as with J5 
Spe aa — 
ice acoe =v) (10) 


eoreemime so) ana (10) into Equation (8) and solving 


MemcOse gu tOr the attachment point model 


“8 
cos 6 = st - = Cia} 


hofuo 


iijemconuzom volume model also yields an expression for 


@iemarecacamenc angle as illustrated below. 





yy 





The force equation states that the momentum flux 
returned to the low pressure region Pp balances the pressure 


difference times the area normal to the wall. This can 





be stated 
J cos a - J. = (p_-p,)(D + As cos a iA) 
1 co b 2 
where 
cos a = p and cos 8 = = 
R- D-W es 
2 
therefore 
eM. W 
Deecaig  - | 3 
Wissel turing Lor cos 8 
Cos 6. = W 
ae ~ GOs a Boas 2 
fe . Ji 
noes approximately p>? therefore 
ee yl COS As, 
J cos a - J, = (5) RCI ae a cos a 
or 
al 
cos a - ayaa GCs, — Cos 0 
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therefore 


Jy 
> = cos 0 lS) 
Jy 
substituting > aera) 
Cocue = i 4 34 = t° (14) 
2 qy ie 


ities toeene distance from the nozzle exit to the 


attachment point (illustration) 


s = R(0 + a) (15) 


Combining (7) and (15) 


er ee 3R(6 + a) 
2 - o (6UW 
ie 
hence 
R/W = ata (=p - 1) (16) 
oe 
also 


A= (R-D- 5) Cos @ = R cos 0 


from (16) 


=| c0 


Somali Tor i" ena Substituting for 
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DF O i exerss us) 1 
eee 4a) - 5 hi) 





using the following illustration X/W may be found 


POINT OF 
ATTACHMERT 





W . 
X, eles ip 5) sin oa 
X., =) 1g tsaler = @) 
X. = Y/sin 6 


ug 





combining these 


=< 


Substituting (6) 


peccing (16) and 


os 


D al . 
ee (7 + 5) Sateen! 


= X, + X, -— X 


(aD #)sin a» 
W age © ~ ycing +) 





into (4) and solving for y 


7 =. seme (19) 
3t 


CALS Slee CIs 


tanh -t 


Wo ae Fay eee) Celine Wea) = : 


ab Sim ¢ 
(20) 


at a = 0, both (17) and (19) reduces to Borque's equations. 
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COMPUTE XA/W FOR THE PLANAR WALL 


G*(H4#C)-Z/(3.*T2*C)—(DW+. 5) *H 
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COMPUTE X/W FOR THE CONVEX WALL BY METHCD 


XW2=XWt+ B/(CETANC TTA)? 
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Figure 3. Flow Model for Convex Wall 


60 





Figure 4. 


Papers. 5.. 


Planar Wall 


Concave Wall 


61 





SS 


WS 


, 
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Figure 8.b. Pressure Port Location and 
Vertical Wall Construction 
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Figure 75. 





Flow Rate vs. Offset Distance for Planar, 
Concave, and Convex Walls, at 15 Degrees 
weMiceviowwimete. Jet Width of 2.62 Inches, 
Re = 2.05 x 105. 
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Pisweeomi yeas MloweRate vs. Offset Distance for Planar, 
Concave, and Convex Walls, at 25 Degrees 
Deflection Angle, Jet Width of 2.62 Inches, 
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Concave, and Convex Walls at 15 Degrees 
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Re = 1.475 x 10°. 
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Figure 80. Flow Rate vs. Offset Distance for Planar, 


Concave, and Convex Walls at 20 Degrees 
Penveeoton maele. Jet Width of 1.31 Inches, 
Re = 1.475 x 102. 
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Figure 83. Surface Pressure Coefficient vs. Wall Position 
for Convex Wall at 28 Degrees Deflection Angle, 
for Various Offset Distances, Re = 2.05 x 10°, 
Jet Width of 2.62 Inches. 
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Surface Pressure Coefficient vs. Wall Position 
for Concave Wall at 25 Degrees Deflection Angle, 
for Various Offset Distances, Re = 2.05 x 10°, 
Hepewidem Of 2,0¢ Inches. 
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for Planar Wall at Various Deflection Angles 
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Figure 87. 
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pr @aceunmessume Coetficient vs. Wall Position 
for Concave Wall at Various Deflection Angles 
and Offset Distance (D/W) of 0.18, 

Jet Width of 2.62 Inches, Re = 2.05 x 10°, 

a = 25, 40 degrees. 
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Figure 69. Velocity Profile at 0.5 Inches Downstream 
(alcove mner det Nicun of 1.31 Inches. 
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90. Velocity Profile at 1.31 Inches (1 Jet Width) 
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Figure 92. Velocity Profile at 5.24 Inches (4 Jet Widths) 
Downstream of Jet Exit for Jet Width 
of i. 3) Inches. 
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Figure 94. Velocity Profile at 9.58 Inches Downstream 
ict etceror Jet Width of 1.31 Inches. 
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